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Abstract 
Recently, number of steel bridges required to be strengthened to reduce working stress due to 
deterioration and updated design live load is increasing in Japan. Then additional steel plates are welded 
and bolted to these existing steel bridges in ordinary cases. However such conventional strengthening 
techniques have room for improvements onto construction workmanship.  
Then, experimentally investigated in this study is strengthening effect of high modulus CFRP strips 
installed onto the lower flange plate of I shaped steel girder. 6 specimens with different adhesive length 
are used in the bending tests. Also a method to prevent the strips from debonding at  the both ends is  
proposed and investigated in the test .  Then, the effectiveness of the CFRP strips strengthening and the 
debonding prevention method are discussed based on the experimental results. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
In Japan, the number of steel girders is required to be strengthened and in ordinary cases additional 
steel plates is welded and bolted to the existing member to reduce working stress. However, such 
conventional strengthening techniques have room for improvements onto construction workmanship. 
Then, the use of CFRP strip as strengthening material is focused on for a more effective and rational 
strengthening technique of the superannuated steel girders. The advantageous points of the CFRP 
strip are that weight per unit volume of it is much lighter than that of steel material and the 
tensile strength of it is larger than that of steel material. In addition, the CFRP strips of high 
modulus can be expected to bring more effective and rational strengthening effect. However, the 
strengthening effect of the high modulus CFRP strip is hardly studied and the application of the CFRP 
strip is not so popular so far. 
Then, the use of the high modulus CFRP strip, which shows about 2.2 times as high Young’s 
modulus as steel material, is focused on in this paper and experimentally investigated is 
strengthening effect of the CFRP strips installed onto the lower flange plate of I shaped steel 
girder by adhesive. Firstly, influence of different adhesive length of the strips on the 
strengthening effect is examined, because the debonding at the edges of the CFRP strips can be 
a matter of concern in using the high modulus CFRP strip to steel members. Then, a debonding 
prevention method, in which the steel plates to prevent the CFRP strips from debonding at 
the both ends are bolted onto the CFRP strip, is also investigated experimentally 
2. Outline of Bending Test 
2.1. Specimen settings 
The four-point loading tests with 300 mm of bending span are carried out by using 6 specimens listed 
on Table 1 and the bending moment is increased up to the ultimate state of each specimen (Ochi et al. 
2009) . As shown in Figures 1 and 2, the specimens used in the test are made of I shaped steel 
girders (H100×50×7×5 mm) and the cover plates are welded onto the upper flange plates to 
prevent the buckling of the upper flange subjected to compressive stress. The geometrical 
moment of inertia with respect to horizontal neutral axis, Ix of the specimens is 2.643×106 mm4. This non-
strengthened specimen is named H100_0. 1-layer of the high modulus CFRP strip (52 mm2) is 
installed onto the lower flange plate (350 mm2) of 5 specimens by adhesive. The width and 
thickness of the CFRP strips are 26 mm and 2 mm, respectively. Ix of the specimens strengthened 
by the CFRP strips is 3.108×106 mm4. So, a ratio of cross sectional area of the CFRP strips vs. the 
flange plate is about 1/7. 
Among 5 specimens, adhesive length, li, which is the distance between the loading point and the end 
of the CFRP strips, are varied from 500 to 800 mm. These specimens are called H100_800, H100_700, 
H100_600, and H100_500, respectively. 
The specimen H100_500_*1 is the strengthened version of the specimen H100_500, in which the steel 
plates are bolted to prevent the CFRP strip from the debonding at the both ends. These steel plates are 
hereafter named as the debonding prevention plates. As shown in Figure 3, the debonding prevention 
plates are bolted onto the both ends of the CFRP strip with filler steel plates. Therefore, the debonding 
prevention plates are attached only to prevent the peeling of the CFRP strip from their edges and not to 
deliver compression force to the CFRP strips. 
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Figure 1: Cross section (uni t :  mm).     Figure 2: Girder specimens used in the test (uni t :  mm).  
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(a)Installation of filler plates      (b)Setting of debonding prevention plate 
Figure 3: Debonding prevention plates onto edge of the CFRP strip. 
Table 1: Size of specimens and adhesive length of the CFRP strip (uni t :  mm) 
Specimens 
H shaped steel High modulus CFRP strip Debonding prevention plates 
Cross 
section 
Flange 
plate 
Web 
plate 
Cover 
plate 
Cross  
section 
Adhesive 
 length Cross section 
H100_0 
h×b 
100×50 50×7 5×86 70×6 
ˉ ˉ 
ˉ 
H100_800 
26×2 
(1-layer)
800 
H100_700 700 
H100_600 600 
H100_500 500 
H100_500*1 500 50×4.5 
 
2.2. Material properties of steel, adhesive and CFRP strip 
The material properties of I shaped steel used in the test are obtained by the tensile tests are listed on 
Table 2. The adhesive for the CFRP strips consists of the epoxy resin and the hardener, and the weight 
ratio of epoxy resin and hardener is 2:1 (Ochi et al. 2009, Schnerch et al. 2006). The material properties 
of adhesive tested based on Japanese Industrial Standards (JIS) (Japan Standard Association 2004) are 
shown in Table 3. 
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Tensile tests (JIS K 7073) are carried out for the CFRP strips and the test results are shown in Table 
4 and Figure 4. 
Table 2: Material properties of I shaped steel used in this experiment 
Test No. Yield stress (N/mm2) 
Tensile 
strength 
(N/mm2) 
Young’s 
modulus 
(N/mm2) 
Poisson's 
ratio 
Elongation  
(%) 
No.1 338.0 454.5 2.05×105 0.281 37.0 
No.2 327.1 456.3 2.01×105 0.280 38.0 
No.3 326.7 452.6 2.02×105 0.288 39.0 
Average  330.6 454.5 2.03×105 0.283 38.0 
Table 3: Material properties of adhesive used in this experiment 
 Methods of test Test conditions Values guaranteed Test results 
Specific gravity JIS K 7112 25ɗ 1.55̚1.75 1.60 
Shear strength 
(N/mm2) JIS K 6850 23ɗ 10 and over 13 
Compressive strength 
(N/mm2) JIS K 7208 23ɗ 50 and over 84 
Modulus of elasticity 
(N/mm2) JIS K 7208 23ɗ 1000 and over 2,240 
Table 4: Material properties of high modulus CFRP strip 
Test No. Thickness ˄mm˅ 
Width 
˄mm˅ 
Young’s modulus 
˄N/mm2˅ 
Tensile strength 
(N/mm2) 
Strain at fracture 
˄P˅ 
No.1 2.00 12.50 4.56×105 1426.8 2978 
No.2 2.00 12.55 4.69×105 1382.5 2727 
No.3 2.00 12.70 4.31×105 1337.8 3050 
No.4 2.00 12.55 4.27×105 1306.0 2907 
average 2.00 12.58 4.46×105 1363.3 2916 
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Figure 4: Stress-strain curves 
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Figure 5: Fracture of the CFRP strip at mid span. 
Table 5: Ultimate state of CFRP strips 
H100-800 Fracture of CFRPstrips 3932
H100-700 Fracture of CFRPstrips 4393
H100-600 Fracture of CFRPstrips 4064
H100-500 Debonding of CFRP strips 䠉
H100-500*1 Fracture of CFRPstrips 4525
Specimens Ultimate state 
Strain at fructure on
CFRP strips (ȝ)
 
3. Experimental Results 
3.1. Ultimate state of specimens 
In the case of the specimen H100_0, the upper flange plate with the cover plate is not buckled and the 
ultimate state of the non-strengthened specimen was determined by yield of the lower flange plate in 
tension. In the cases of liʁ600 mm, the fracture at the middle span of the CFRP strips, as pictured in 
Figure 5, decided the ultimate strength of the specimens. While in the case of H100_500, the 
debonding at both ends of the CFRP strips decided the ultimate strength of the specimens. 
Therefore, in the cases of li<600 mm, some debonding prevention method is necessary to be applied to 
make use of the high modulus CFRP strip for strengthening material.  
Here, the maximum strains at the fracture of the CFRP strips at the middle span are summarized on 
Table 5. The minimum value is 3,932  of the specimen H100ˢ -800. 
3.2. Bending moment-curvature relationship 
Figure 6 shows the relationship between bending moment at middle cross section, M and curvature,M. 
The curvature, M is calculated from the strain distributions measured by strain gauges bonded onto the 
cover plate, web plate and lower flange plate. The maximum bending moment, Mmax and the yield 
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bending moment, MY are listed on Table 6. MY is calculated when the strain of the lower flange plate at 
the middle cross section reaches to yield strain, HY, calculated based on the material properties of steel 
listed on Table 2.  
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Figure 6: Bending moment-curvature curves. 
Table 6: Maximum and yield bending moment 
P max M max M Y
㸦kN㸧 㸦kN࣭mm㸧 㸦kN࣭mm㸧
H100-0 44.1 1.876×104 1.355×104 1.384
H100-800 56.1 2.382×104 1.392
H100-700 56.1 2.383×104 1.393
H100-600 57.9 2.459×104 1.437
H100-500 53.1 2.257×104 1.319
H100-500*1 56.3 2.392×104 1.754×104 1.364
1.711×104
Specimens M max/M Y
 
Table 7: Initial flexural rigidity 
Theoretical value  Strengthening effect Experimental value Strengthening effect
E s I xs (N䞉mm
2) 䠄 䠂䠅 (N䞉mm2) 䠄 䠂䠅
H100-0 5.365? 08 1.00 5.643? 08 1.00
H100-800 6.738? 08 1.19
H100-700 6.477? 08 1.15
H100-600 6.425? 08 1.14
H100-500 6.501? 08 1.15
H100-500*1 6.157? 08 1.11
6.295? 08 1.17
Specimens
 
512  N. OCHI et al. / Procedia Engineering 14 (2011) 506–512
It is found from Table 6 that Mmax of H100_500, where the debonding at both ends of the CFRP 
strips is observed, is the lowest among the other strengthened specimens. In addition, Mmax of 
H100_500*1 takes larger than that of H100_500 and is improved up to about the same values of the 
specimens H100_700 and H100_800. Therefore, the debonding prevention plates effectively work 
to prevent the debonding of the CFRP strip from the both ends. Table 7 shows initial flexural 
rigidity, EsIxs (Ixs: theoretical geometrical moment of inertia considering material properties of steel with 
respect to horizontal direction of center of gravity of the specimens). The initial flexural rigidities of the 
strengthened specimens and H100_500*1 are larger than that of H100_0, by 11 to 19%. 
As Mmax/MY  shows almost the same values among the specimens, the strengthening 
effect of the CFRP strip is increasing the yield bending moment, MY  by about 26% and 
improving the flexural rigidity by about 15.8% when averaged, of the steel girder. 
4. Conclusions 
The strengthening effect of the high modulus CFRP strip, of which the cross sectional area of the 
CFRP strip is about 14.8% of that of the steel flange plate, is investigated experimentally in this paper. 
It is concluded that the strengthening using the high modulus CFRP strips is brought about 15.8% 
increment in the flexural rigidity and about 26% enlargement in the yield strength of the I shaped steel 
girders when the adhesive lengths of the high modulus CFRP strips is sufficient. Even if the adhesive 
lengths of the CFRP strips isn’t sufficient, the strengthening effect is fully obtained by installing the 
debonding prevention plates, proposed in this paper, onto the edges of the CFRP strips. 
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